In this study, we describe the isolation and characterization of Foxp4, a new member of the Foxp subfamily of winged-helix transcription factors. The full-length mouse Foxp4 cDNA encodes a 685-amino-acid protein that is similar to Foxp1 and Foxp2. Foxp4 gene expression is observed primarily in pulmonary, neural, and gut tissues during embryonic development. To compare the protein expression patterns of Foxp4 to Foxp1 and Foxp2, specific polyclonal antisera to each of these proteins was used in immunohistochemical analysis of mouse embryonic tissues. All three proteins are expressed in lung epithelium with Foxp1 and Foxp4 expressed in both proximal and distal airway epithelium while Foxp2 is expressed primarily in distal epithelium. Foxp1 protein expression is also observed in the mesenchyme and vascular endothelial cells of the lung. At embryonic day 12.5, Foxp1 and Foxp2 are expressed in both the mucosal and epithelial layers of the intestine. However, Foxp2 is expressed only in the outer mucosal layer of the intestine and stomach later in development. Finally, Foxp4 is expressed exclusively in the epithelial cells of the developing intestine, where, in late development, it is expressed in a gradient along the longitudinal axis of the villi. q
Results and discussion
The mouse lung forms by budding from the laryngotracheal groove at approximately embryonic day (E)9.5 of development. The budding epithelium quickly forms a wellbranched network of airways through a process termed branching morphogenesis. Recent evidence has shown that this process is governed, in part, by transcriptional regulators expressed in the lung, including members of the winged-helix/forkhead or Fox gene family (Warburton et al., 2000) . The Fox gene family is composed of over 20 different members, all of which contain a winged-helix motif that is responsible for DNA binding activity (Kaestner et al., 2000) . Fox proteins have been shown to play important roles in tissue specific gene regulation in several organs including the liver, brain, gut, as well as the lung (Ang and Rossant, 1994; Braun and Suske, 1998; Denson et al., 2000; Glasser et al., 2000; Gomez-Skarmeta et al., 1999; Labosky et al., 1997; Mendelson et al., 1997; Shu et al., 2001; Tichelaar et al., 1999; Wang et al., 2001; Zhou et al., 1997) . In addition, Fox proteins have been shown to act as both transcriptional activators and repressors (Perrone et al., 2000; Shu et al., 2001; Sullivan et al., 2001; Yang et al., 2000) .
We previously reported the isolation and characterization of two new Fox genes, Foxp1 and Foxp2 (Shu et al., 2001) . Both of these genes are expressed at high levels in mouse lung and gut tissue. Further analysis of the expressed sequence tag (EST) database reveals the presence of a third closely related gene, which we have named Foxp4. The protein encoded by the Foxp4 gene is similar to Foxp1 and Foxp2 proteins, with the winged-helix DNA binding domain showing the highest level of identity (Fig.  1) . To determine the pattern of gene expression during development, we performed in situ hybridization analysis on sectioned mouse embryos. Hybridization to the Foxp4 cRNA probe is observed in the lung epithelium as early as E10.5 of development in the epithelium and the mesenchyme immediately adjacent to the epithelium (Fig. 2B) . Expression is observed in the foregut endoderm but not in the heart at E9.5 ( Fig. 2A) . At E16.5 and E18.5, Foxp4 gene expression is observed in both the proximal and distal airway epithelium (Fig. 2E,F) . In the hindgut, Foxp4 gene expression is observed primarily in epithelial cells of the intestine and stomach (Fig. 2G,H) . The brain also expresses high levels of Foxp4 in a dynamic pattern. At E14.5, Foxp4 expression is observed at high levels in the intermediate zone of the neopallial cortex or future cerebral cortex, while lower levels are observed in the surrounding cells (Fig. 2I, arrow) . By E16.5, Foxp4 gene expression is extinguished in the intermediate zone but is still present in the surrounding cells of the neopallial cortex (Fig. 2J, arrow) . Although the lung and brain are the predominant sites of expression during embryogenesis, in adult mice, Foxp4 is expressed in several tissues, most notably the heart, lung, liver and testes (Fig. 2K) . Interestingly, this expression pattern is in contrast to that observed during embryogenesis where Foxp4 expression is not observed in the heart or liver ( Fig. 2A,D) .
To closely examine the protein expression patterns of Foxp1, Foxp2, and Foxp4 during lung and gut development, specific polyclonal antisera were generated to each protein and used in immunohistochemistry of mouse embryonic tissues. Western blot analysis shows that each antisera is specific and does not cross-react with other Foxp proteins (Fig. 3 ). Foxp1 protein expression is observed in both the airway epithelium of the forming lung as well as in cells located within the surrounding mesenchyme (Fig. 4A) . By E16.5, Foxp1 is expressed throughout the conducting airway epithelium with highest levels of expression observed in distal alveolar regions (Fig. 4B ). Foxp1 protein is also expressed in the endothelial cells of the pulmonary vasculature ( Fig. 4B,C) . The Foxp2 protein is expressed at high levels in the distal airway epithelium at E12.5 ( , and E18.5 (F) mouse embryos. Expression during lung morphogenesis is observed in the airway epithelium and in the mesenchyme directly adjacent to the epithelium as early as E10.5 (B, arrow). Expression is also observed in the early foregut endoderm at E9.5 (A, arrow). In contrast to Foxp2, Foxp4 gene expression is observed in both proximal (E,F, arrows) and distal airway epithelium at E16.5 (E) and E18.5 (F). Foxp4 expression in the intestine is observed primarily in the epithelium (G,H, arrowheads). Expression is also observed in the epithelium of the stomach (H, arrow). Neural expression is observed in the intermediate zone of the neopallial cortex at E14.5 (I, arrow) but by E16.5, expression is restricted to surrounding regions of the neopallial cortex and is extinguished in the intermediate zone (J, arrow) . Northern blot analysis shows that Foxp4 is expressed in multiple tissues in the adult mouse including heart, brain, lung, liver, and testes (K). Of note, during embryogenesis, Foxp4 expression was not observed in either the heart (2A, h) or liver (2D, li). , and Foxp4 protein expression patterns during lung development. Foxp1 protein expression is observed in the airway epithelium as early as E12.5, in both the proximal (A, arrow) and distal (A, white arrowhead) regions. Foxp1 expression is also observed in scattered mesenchymal cells in the lung (A, red arrowheads). At E16.5 and E18.5, Foxp1 expression continues in proximal (B, arrow) and distal (B, arrowhead) airway epithelium. At this time Foxp1 expression is also observed in the endothelial cells lining the pulmonary vasculature (B, yellow arrowheads; C, arrow). Foxp2 protein expression is observed at high levels in distal airway epithelium at E12.5 (E, arrowhead) while very low levels of expression are observed in proximal epithelium (E, arrow). By E14.5 and later, Foxp2 expression is restricted to the distal airway epithelium and is no longer expressed in proximal epithelium (F, bracketed and dotted outlined region compared to arrowhead; G and H, arrows versus arrowheads). Foxp4 protein expression is observed in airway epithelium at E12.5 (I, arrowheads). , and Foxp4 protein expression patterns during gut development. Foxp1 protein expression is observed in the outer mucosal layer of the intestine at E12.5 (A, arrow) but is absent in the epithelium (A, arrowhead). By E16.5, Foxp1 is expressed in the intestinal (B, brackets) and stomach epithelium (C, brackets) as well as in both the inner circular (red arrowheads) and outer longitudinal muscular layers (white arrowheads) of the intestine and stomach (B,C). Foxp2 protein is expressed in the mucosal layer (arrow) and the epithelium of the intestine (arrowhead) at E12.5 (E). By E16.5, however, Foxp2 expression is extinguished in the epithelium of the intestine (F) but still observed in the outer longitudinal muscular layer of the intestine (F, arrowheads) and stomach (G, arrowheads). Foxp4 protein is expressed in the intestinal epithelium (arrowhead) and in a thin band of the mucosal layer (arrow) at E12.5 (I). By E16.5, Foxp4 expression in the epithelium of the intestine is observed in a decreasing gradient from the base of the villi to the top where expression is low (J, bracket). In the stomach, Foxp4 expression is seen throughout the epithelium (K, bracket). Preimmune Foxp1 (D), Foxp2 (H), and Foxp4 (L) antisera were used as negative controls. Scale bars: 125 mm (F), 150 mm (B-D,G,H,J-L), 200 mm (A,E,I).
Expression of Foxp4 in the lung epithelium is observed in both proximal and distal regions throughout development (J-L, arrow versus arrowheads). Foxp4 expression is also observed in the mesenchyme
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). In addition, low levels of Foxp2 expression are observed at E12.5 in the proximal airway epithelium (Fig.  4E) . However, by E14.5 Foxp2 protein expression is restricted to the distal airway epithelium (Fig. 4F-H) . Foxp4 protein expression is observed in the airway epithelium in both the proximal and distal regions (Fig. 4I-L) . In addition, Foxp4 protein is expressed in mesenchymal cells directly adjacent to the proximal airways at E14.5 (Fig. 4K) . During intestinal development, Foxp1 protein expression is observed in the mucosal layer but absent from the epithelium at E12.5 (Fig. 5A) . By E16.5, Foxp1 expression is observed in both the inner circular and outer longitudinal muscular layers of the intestine as well as in the epithelium of the intestine and developing stomach (Fig. 5B,C) . Foxp2 protein expression is observed in a band in the inner mucosal layer of the intestine at E12.5 and by E16.5 expression is restricted to the outer longitudinal muscle layer of the intestine and stomach ( Fig. 5E-G) . Foxp2 is expressed in the epithelium of the intestine at E12.5, but not at later time points (Fig. 5E-G) . Foxp4 protein expression is observed in a thin band in the inner mucosal layer as well as the epithelium of the intestine and stomach at E12.5 (Fig. 5I) . By E16.5, Foxp4 expression is observed in a gradient along the longitudinal axis of the epithelial villi with higher levels of expression exhibited at the base near the crypts, while expression is observed throughout the epithelium of the stomach (Fig. 5J,K) . Expression of Foxp4 is lost or dramatically reduced in the muscular wall of the hindgut after E12.5 (Fig. 5J,K) .
Experimental procedures
Cloning of mouse Foxp4
An EST clone sharing a high level of homology to Foxp1 and Foxp2 (GenBank accession number BF163948) was obtained from a commercial source (Research Genetics Inc.) and used to screen a mouse lung cDNA library using standard methods. Several clones containing the full coding sequence of mouse Foxp4 were obtained and sequenced. The GenBank accession number for the Foxp4 open reading frame is AY135029.
2.2. Generation and analysis of specific antisera to Foxp1, Foxp2, and Foxp4
Glutathione-S-transferase (GST) fusion proteins were generated with the following amino acid sequences and used for rabbit polyclonal antiserum production: Foxp1 aa603-705, Foxp2 aa613-714, and Foxp4 aa581-685. Foxp1 and Foxp4 antisera were used without further purification. Foxp2 antiserum was precleared against the GSTFoxp1 fusion protein to remove low-level cross-reactivity. Western blotting of nuclear extracts (10 mg) from HEK-293 cells transfected with expression vectors encoding either Foxp1, Foxp2, or Foxp4 was performed as described (Morrisey et al., 1998) .
In situ hybridization, immunohistochemistry, and Northern blot analysis
The mouse Foxp4 in situ hybridization probe was generated by polymerase chain reaction from the mouse Foxp4 cDNA using the following oligonucleotides: sense 5 0 -CCTGGGAGGAGAGGACATGTCC-3 0 , antisense w/T7 site 5 0 -TGTAATACGACTCACTATAGGGCGAGGCCA-GAAACCTCTGCCAC-3 0 . In situ hybridization was performed as previously described (Kuo et al., 1997) .
Immunohistochemistry was performed as previously described using the anti-Foxp1 antiserum at 1:200, antiFoxp2 antiserum at 1:100, and the anti-Foxp4 antiserum at a 1:400 dilution. Further details on histology methods can be obtained at the University of Pennsylvania Molecular Cardiology Research Center web site: http://www.uphs.upenn.edu/mcrc. A radioactively labeled Foxp4 cDNA probe (which corresponded exactly to the in situ hybridization probe) was hybridized to a Multiple Tissue Northern blot (Clontech cat. #7762-1) to determine the adult mouse mRNA expression pattern. Processing of the Northern blot, including hybridization and washing conditions, was performed as described (Shu et al., 2001 ).
